Introduction
Apoptosis is a form of controlled cell death that is essential to animal life. is process plays a key role in embryological development, the homeostatic maintenance of organ systems, and the immune system [1, 2] . Given that apoptosis is tightly linked to so many crucial cell-cell interactions, it is not surprising that it is universally distributed among metazoans. It has been well documented in mammals, insects, and nematodes, and there is good evidence for its existence in cnidarians [3, 4] and sponges [5, 6] . In fact, both sponges and cnidarians possess caspases, the proteases that mediate apoptosis, and members of the Bcl-2 superfamily. is would suggest that the apoptotic pathway was already well developed by the time metazoans appeared.
Because apoptosis would clearly impart an advantage in a multicellular context, allowing for the homeostatic control of cell numbers, it was originally believed to have coevolved with the appearance of metazoa. However, for more than a decade now, an apoptotic-like death process has been reported in a variety of unicellular organisms [7, 8] . Among these organisms, the process has been best described in Saccharomyces cerevisiae [9] , where many of the characteristic cellular and biochemical changes associated with apoptosis [1, 2] have been detected: alterations in cell morphology (cell shrinkage), activation of a class of caspase-like proteases, externalization of membrane phosphatidylserine, condensation of the nucleus, and DNA fragmentation.
Among the protozoa, a programmed cell death process has been most extensively characterized in the group Euglenozoa, speci�cally the kinetoplasts [10] . Multiple studies have detected the characteristic apoptotic markers in both Leishmania and Trypanosoma which have been induced by a variety of factors, including hydrogen peroxide, starvation, heat shock, and staurosporine [8] . In addition, the process has also been shown to be calcium dependent in both species [11, 12] . However, given their elaborate parasitic life cycles, and evidence that indicates Trypanosoma emerged late in evolution [13] , it is possible this apoptotic-like process is a derived feature in kinetoplastids rather than ancestral for all euglenozoans. If it is an ancestral trait, we would expect to �nd evidence of a similar death process is the more distantly related Euglena.
UV light is known to induce apoptosis in wide variety of distantly related organisms, including mammals [14] , reptiles [15] , arthropods [16] , nematodes [17] , sponges [18] , and yeast [19] . It has also been shown to induce programmed cell death in unicellular green algae [20, 21] . Considering that UV light induces apoptosis in such a wide range of eukaryotes, and may even induce programmed cell death in cyanobacteria [22] , it is reasonable to assume that such stress is a universal and, perhaps, the most ancient inducer of programmed cell death.
UV-B light has been reported to induce DNA degradation and cell morphology changes similar to apoptosis in Euglena gracilis [23] . However, no follow-up studies have been reported and while the DNA degradation was mediated by a metal-dependent nuclease and stimulated by calcium, the degradation was detected as simple DNA smearing on an electrophoresis gel rather than the laddering pattern indicative of fragmentation that is considered a hallmark of apoptosis. Here we con�rm that an apoptotic-like cell death process does indeed occur in Euglena gracilis and is induced by UV light. 
Materials and Methods

DNA Isolation and Electrophoresis.
DNA was isolated from 5 × 10 6 cells using the QIAGEN (CA, USA) DNeasy Tissue Kit. e procedure for Cultured Animal cells was used with one modi�cation: prior to adding the extract to a spin column, it was centrifuged at 2655 ×g for 3 min and the resulting supernatant was transferred to the spin column. Approximately, 0.5 g of DNA was loaded onto a 2% agarose gel in TAE buffer and run at 60 V for 2 hour. Gels were stained with SYBR Green for 2 hours and visualized with a transilluminator.
Death
Experiments. e effect of UV exposure was tested by placing 5 × 10 6 cells 40 cm from a Sylvania G3OT8 Germicidal Fluorescent Lamp (253.7 nm) with a UV output of 13.4 Watts for speci�ed time increments. Cells were then le in the dark aerward for speci�ed time periods. For inhibitor studies, Z-VAD-FMK was added to the cells to a �nal concentration of 20 M and preincubated for 30 min. Cells were then exposed to UV light for thirty minutes and le in the dark for 18 hours before DNA isolation. For staurosporine experiments, a concentration of 1 M was used and DNA was isolated 18 hours aer treatment.
Microscopic Analysis. Cells were visualized using an
Olympus BH-2 �uorescence microscope and images were captured with a Q Imaging Retiga 2000R camera. Cells were counted with a hemocytometer. To determine cell size, cells were �xed in ice-cold methanol for 15 minutes, centrifuged, resuspended in PBS, and the length and width of 100 cells were measured with a micrometer. 
Western Blotting.
Protein was isolated from 10 million cells according to Bumbulis et al. [24] . 20 g of protein was run on a 12% SDS polyacrylamide gel and then transferred to nitrocellulose. Blots were probed with polyclonal antibodies raised against caspases 3 and 9 (catalogue nos. 235412 and 218794, resp., Calbiochem). Bands were detected with using a chemiluminescence system (LumiGLO, KPL) and band density was determined with the Alpha DigiDoc RT soware.
Results
To gauge the cytotoxic effects of UV light, cell motility was assayed aer differing exposure times. A ten-minute exposure resulted as a loss of motility in 90% of the cells, while a 20-minute or more exposure resulted in a loss of motility among almost all cells. Aer the 30-minute exposure to UV, cell numbers were monitored for 48 hours. Cell numbers remained constant for the �rst 24 hours (Figure 1 ), but by 48 hours aerexposure, only 25% of the original population remained. is pattern indicates a delayed death response to UV light exposure.
Cell morphology was also analyzed as a consequence of UV light exposure. Two distinct abnormal shapes were detected: a slightly rounded cell with a massive central vacuole (Figure 2(c) ) and a small, condensed cell with either an ovoid or spherical shape (Figures 2(a) and 2(b) ). All abnormally shaped cells were immotile. e cells with vacuoles were seen immediately aer exposure to UV light, where roughly 30% displayed this morphology one hour aer exposure to UV light (Figure 3) . ereaer, such cells accounted for roughly 10% of the cells. By three hours aerexposure, the condensed, round and ovoid cells were most common (approximately 40% of cells) and by 24 hours aerexposure, represented 75% of the cells (Figure 3 ). e round/ovoid cells were determined to be smaller than normal cells. Whereas normal cells were measured to have a mean length of 66.4 m and a mean width of 14.2 m, the rounded cells measured 28.2 and 19.32 m, respectively.
To determine if these cellular changes were associated with DNA fragmentation, DNA was isolated from cells Data points represent mean from three independent experiments where one hundred cells were counted. exposed to UV light for differing periods of time. A clear pattern of fragmentation was seen aer cells were exposed to UV light for 20 minutes and allowed to sit in the dark for 18 hours (Figure 4(a) ). Several experiments showed that the 30-minute exposure more reproducibly produced this ladder pattern. e fragments differed in size by multiples of 180-200 bp. To determine when DNA fragmentation begins, cells were exposed to UV light for 30 minutes and then allowed to sit in the dark for different periods of time before the DNA was isolated. Figure 4(b) shows a faint ladder pattern 9 hours aer UV exposure and by 12 hours, the ladder is quite distinct. Figure 4 (c) shows that the DNA fragmentation was inhibited by treating cells with Z-VAD-FMK prior to UV light exposure (lanes 2 and 3).
Since Euglena was exhibiting signs of programmed cell death in response to UV light exposure, we decided to test further by determining whether staurosporine, an antibiotic known to induce apoptosis in human cells, would also trigger programmed cell death. As can be seen in Figure 4 Lanes on le (C) represent protein from cells not exposed to UV light. Remaining lanes are from cells exposed to UV light for 30 minutes and protein was isolated 1, 3, 6, 12, and 24 hours aer exposure. Protein size markers are shown in far le lane with blue bands. fragmentation. Also at this time, most cells were immotile and almost perfectly spherical (Figure 2(d) ).
Caspase 3 immunoreactivity was evident as two major bands with a molecular mass of 82 and 33 kD ( Figure 5(a) ). Between 3 and 6 hours aer exposure to UV light, two bands, corresponding to a molecular mass of 22 and 18 kD, become distinct. Furthermore, by 24 hours post-UV exposure, the 33 kD band had lost 65% of its intensity compared to 3 hours post-UV exposure. ese data suggest posttranslational modi�cation consistent with protease activation. Caspase 9 also displayed immunoreactivity, as evidenced by two major bands with a molecular mass of 42 and 24 kD ( Figure 5(b) ). However, no evidence of posttranslational modi�cation was seen.
Discussion
Exposure to the UV-B light was previously shown to induce cell death in Euglena. Cells became round and metal iondependent DNA degradation was reported [23] . However, the electrophoretic data showed a smearing pattern rather than a ladder pattern that is the hallmark of apoptosis. Given the ambiguity of these data, with respect to whether or not the death was apoptotic-like, it is not surprising that Euglena have not been cited as an example in any published review on unicellular programmed cell death. Here we show that exposure to UV-C light induced cell death and con�rm that this death process is very similar to apoptosis. We were able to detect a DNA ladder pattern that appeared 6-9 hours aer exposure to UV. e fragments differed in size by approximately 180 bp, which is consistent with earlier research that isolated all �ve histones from Euglena [25] and detected a typical nucleosome pattern in the chromosomes [26] . UV treatment also induced cell morphology changes consistent with programmed cell death. Immediately following UV exposure, a large vacuole-like structure appeared near the center of the cell. is trait was evident in numerous cells for the �rst 3 hours and its incidence declined thereaer. It is unlikely that this was a precursor to lysis, as actual cell numbers did not begin to decline until 24 hours aer UV exposure, long aer this vacuole-like state became rare. Instead, a small, rounded, morphology began to predominate aer 3 hours and constituted almost 75% of cells by 24 hours aer exposure. As noted above, these cells were measured to be smaller than normal cells.
Caspase-like activity appears to be involved in Euglena's cell death. First, the DNA fragmentation pattern seen aer UV exposure was inhibited by pretreatment with Z-VAD-FMK, a known caspase inhibitor. Because Z-VAD-FMK had successfully inhibited DNA fragmentation, we set out to detect caspase-like proteins using western blots. We probed with polyclonal antibodies raised against human caspases previously reported to cross-link with proteins from Dunaliella tertiolecta, a green algae also reported to undergo programmed cell death in response to light deprivation [27] . We successfully detected a cross-reaction using antibodies raised against caspases 3 and 9. Caspase 3, but not 9, showed evidence of a posttranslational modi�cation approximately 6-9 hours aer UV exposure. Given their distant relationship, it is remarkable that the pattern we detected for caspase 3 was very similar to that seen in D. tertiolecta. In D. tertiolecta, there are two primary bands corresponding to molecular mass of 70 and 30 kD and a smaller band around 18 kD appears aer 5 days in of darkness. With Euglena, there are two primary bands corresponding to MW of 82 and 33 kD and smaller bands, 18 and 22 kD, appear aer 6 hours of UV exposure.
Because the DNA fragmentation pattern was inhibited by Z-VAD-FMK and a Euglena protein was bounded by antibodies raised against human caspase 3, we decided to test if the antibiotic staurosporine could also induce programmed cell death. Staurosporine has been reported to induce apoptosis in human cell lines through a pathway that involves the activation of caspase 3 [28] [29] [30] . We were able to show that by 18 hours posttreatment, most cells were immotile and round and their DNA showed a DNA ladder pattern, evidence that this drug also induces an apoptotic-like death process. Future studies are currently underway to better characterize Euglena's response to staurosporine.
Current studies on programmed cell death in unicellular organisms are still largely in the detection and characterization stage. But because Euglenoids are positioned near the base of the eukaryotic evolutionary tree, the detection of programmed cell death in Euglena should be of great help in understanding the evolution of apoptosis by opening the door to informative comparative analyses between species. First, programmed cell death in kinetoplasts has been extensively studied. By comparing the cell death processes in Euglena and the trypanosomes, for example, we may better understand how the programmed cell death processes and machinery adapted as the lineage that led to trypanosomes adopted an obligate parasitic lifestyle. Second, programmed cell death has now been reported and described in more than one species of green algae. A comparison between Euglena and green algae could look for similarities. is would help us to better reconstruct the state of programmed cell death in the last common ancestor of Euglena and green algae, which in turn would get us closer to the last common ancestor of all Eukaryotes. �on��ct of �nterests e authors declare that they have no con�ict of interests.
